FKF1, a Clock-Controlled Gene that Regulates the Transition to Flowering in Arabidopsis  by Nelson, David C et al.
Cell, Vol. 101, 331±340, April 28, 2000, Copyright ª 2000 by Cell Press
FKF1, a Clock-Controlled Gene that Regulates
the Transition to Flowering in Arabidopsis
floral initiation. Mutations in the red light receptor PhyB
hasten flowering (Reed et al., 1993), whereas mutations
in the blue light receptors CRY1 (Bagnall et al., 1996) or
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CRY2 (Koornneef et al., 1991; Guo et al., 1998) can delayDepartment of Biochemistry and Cell Biology
flowering.Rice University
Mutations in red- or blue-light photoreceptors alsoHouston, Texas 77005
perturb the circadian clock (Millar et al., 1995; Somers
et al., 1998a). Other Arabidopsis mutants that couple
flowering time to the circadian clock include toc1, whichSummary
has a short period in continuous light (Millar et al., 1995)
and flowers early in short days in certain ecotypes (Som-Plant reproduction requires precise control of flow-
ers et al., 1998b). FLC encodes an autonomous pathwayering in response to environmental cues. We isolated
flowering repressor (Michaels and Amasino, 1999), anda late-flowering Arabidopsis mutant, fkf1, that is res-
flc mutations shorten circadian periods (Swarup et al.,cued by vernalization or gibberellin treatment. We po-
1999). Transcripts of the gene defective in the late-flow-sitionally cloned FKF1, which encodes a novel protein
ering gigantea (gi) mutant oscillate with a circadianwith a PAS domain similar to the flavin-binding region
rhythm, and gi mutations alter clock-controlled geneof certain photoreceptors, an F box characteristic of
expression (Fowler et al., 1999; Park et al., 1999), indicat-proteins that direct ubiquitin-mediated degradation,
ing that proper clock cycling requires GI. Overexpress-and six kelch repeats predicted to fold into a b propel-
ing the Myb-related transcription factors LHY or CCA1ler. FKF1 mRNA levels oscillate with a circadian
delays flowering, lengthens hypocotyls, and disrupts therhythm, and deletion of FKF1 alters the waveform of
rhythmic accumulation of several clock-controlled tran-rhythmic expression of two clock-controlled genes,
scripts, including LHY and CCA1 (Schaffer et al., 1998;implicating FKF1 in modulating the Arabidopsis circa-
Wang and Tobin, 1998).dian clock.
The hypocotyl elongation defects of several flowering
time mutants may reflect that the circadian clock con-Introduction
trols both processes. Hypocotyl elongation is clock con-
trolled and is maximal at dusk and arrests at dawn (Dow-Plants coordinate the vegetative to floral transition using
son-Day and Millar, 1999). This arrest is absent in the elf3external cues including day length (photoperiod), light
mutant (Dowson-Day and Millar, 1999), a photoperiodquality, and temperature. Arabidopsis is a facultative
insensitive early-flowering mutant with a long hypocotyllong-day plant in which long days promote and short
(Zagotta et al., 1996). Expression from a clock-controlleddays delay flowering (ReÂ dei, 1962). Blue and far-red
promoter is arrhythmic when the elf3 mutant is shiftedlight accelerate Arabidopsis flowering whereas red light
to constant light but rhythmic when shifted to constantinhibits flowering (Eskins, 1992), and exposing plants
dark, suggesting that ELF3 is involved in light input toto cold (vernalization) simulates winter and promotes
the oscillator (Hicks et al., 1996).flowering (Koornneef et al., 1998; Simpson et al., 1999).
Here, we report cloning and characterizing FKF1 (fla-Physiological, genetic, and molecular analyses of Ara-
vin-binding, kelch repeat, F box). Deleting FKF1 causes
bidopsis mutants have begun to reveal how this plant
vernalization- and gibberellin-responsive late flowering
integrates these environmental signals to control flow-
and an altered waveform of oscillation of at least a sub-
ering time (Koornneef et al., 1998; Simpson et al., 1999). set of circadian clock-controlled genes. FKF1 tran-
Genes defective in mutants that flower late only in long scripts are circadianly regulated, and FKF1 is a novel
days are thought to process day length signals in a protein with sequence characteristics suggesting that
photoperiod-responsive pathway. Mutants that flower it may be a photoreceptor that targets proteins for ubi-
late in both short and long days are probably disrupted quitin-mediated degradation.
in genes that function in an autonomous pathway of
floral induction, which eventually leads to flowering re- Results
gardless of the environment. Vernalization generally res-
cues flowering delays in this latter group. A third floral The fkf1 Mutant Is Late Flowering in Long Days
promotion pathway is defective in gibberellin (GA) bio- In long days, fkf1 flowers much later than wild-type as
synthesis and response mutants. The altered flowering measured by either days to flowering or leaf number at
times of these mutants are consistent with the observa- flowering, whereas in short days it flowers more normally
tion that applying the phytohormone GA hastens Arabi- (Figures 1A and 1B), suggesting that FKF1 functions in
dopsis flowering (Koornneef et al., 1998; Simpson et al., the photoperiod-responsive pathway of floral promo-
1999). tion. fkf1 was isolated from fast neutron-mutagenized
The aberrant flowering times of Arabidopsis photore- Columbia (Col) seeds as iar1±4, an allele of an auxin
ceptor mutants illustrate that light perception influences conjugate resistant mutant (J. L., L. E. R., D. C. N., and
B. B., unpublished data). Although we could not sepa-
rate the flowering time defect and auxin conjugate resis-* To whom correspondence should be addressed (e-mail: bartel@
rice.edu). tance of iar1±4 by recombination, we reasoned that this
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late flowering resulted from loss of a gene close to IAR1
because the six other iar1 alleles flower normally and
because fast neutrons cause deletions in Arabidopsis
(Bruggemann et al., 1996). Recombination mapping lo-
calized iar1 to the bottom of chromosome 1, near the
ft and fe late-flowering mutants (Koornneef et al., 1991).
F1 plants from crosses of iar1±4 to either of these mu-
tants flowered normally, indicating that we had identified
a novel locus required for normal flowering, which we
named FKF1.
Flowering time mutants have varying responses to
conditions that normally promote flowering. Exposing
Arabidopsis to several weeks of cold accelerates wild-
type flowering and restores normal flowering to a subset
of mutants (Koornneef et al., 1998; Simpson et al., 1999).
The phytohormone gibberellin also promotes flowering,
apparently through an independent pathway (Simpson
et al., 1999). Like flowering of autonomous floral promo-
tion mutants, fkf1 flowering is dramatically accelerated by
vernalization or gibberellin treatment (Figures 1C and 1D).
fkf1 Is Defective in Light-Regulated
Hypocotyl Elongation
Suppressing hypocotyl elongation is a classical light
response, and this phenotype has been used to isolate
numerous photoreceptor mutants (Neff et al., 2000). Be-
cause of the many connections between flowering time
and light perception (Simpson et al., 1999), we examined
fkf1 hypocotyl elongation. fkf1 hypocotyls elongate nor-
mally in the dark, indicating intact elongation responses
(Figure 2). In contrast, fkf1 has short hypocotyls in sev-
eral light wavelengths (Figure 2), suggesting that it is
hypersensitive or hyperresponsive to light.
FKF1 Is a Member of an Arabidopsis Gene Family
We mapped fkf1 to a then unsequenced region on the
bottom of chromosome 1 using recombination. By de-
veloping markers in the area, we localized FKF1 to T7E4,
a 116 kb BAC. PCR-amplifying genomic DNA using prim-
ers in this area revealed that 65 to 80 kb of DNA was
deleted in fkf1. We constructed a T7E4-derived genomic
library, transformed individual clones from this library
into fkf1, and monitored transformant flowering times
(Figure 3). Constructs containing an open reading frame
shared by four overlapping subclones restore normal
flowering time (Figures 1A and 1B) and partially rescue
the short hypocotyl defects (Figure 2) of fkf1 withoutFigure 1. fkf1 Is Late Flowering in Long Days
affecting auxin conjugate resistance (data not shown),(A) Days to flowering and leaf number at flowering of wild-type (Col),
indicating that we have identified FKF1 and that it doesfkf1, and fkf1 transformed with pBIN-FKF1 grown in long days (16:8;
n 5 36) and wild-type and fkf1 grown in short days (8:16; n $ not overlap with IAR1. We isolated and sequenced a
26). Error bars are standard deviations of means. Asterisks mark full-length FKF1 cDNA (GenBank accession AF216523).
measurements significantly different from wild-type (Students t test; FKF1 has two Arabidopsis homologs. We isolated and
P , 0.0005).
sequenced a full-length cDNA (GenBank accession(B) Wild-type (Col), fkf1, and fkf1 transformed with pBIN-FKF1 were
AF216525) for one of these, ZTL, which maps to thephotographed after 37 days in long days (16:8).
(C) fkf1 flowering time is restored by gibberellin treatment. Continu- bottom of chromosome 5. The second (which we named
ously illuminated plants were untreated or sprayed with 10 mM GA3 FKL1 for FKF1-like) maps to chromosome 2. The three
7 and 14 days after sowing in soil (n 5 20). genes each have a single intron and encode z600 amino
(D) fkf1 flowering time is restored by cold treatment. Seeds sown in
acid proteins. FKF1 is 62% identical to ZTL and 57%moist soil were placed at 228C in continuous illumination (untreated)
identical to FKL1, and ZTL and FKL1 are 74% identicalor placed at 48C in dim white light for 4 weeks (vernalization) before
incubation at 228C (on day 0) in continuous illumination (n $ 20). to one another (Figure 4B).
fkf1 Disrupts the Transition to Flowering
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Figure 3. Positional Cloning of FKF1
Initial mapping data placed iar1 and fkf1 at the bottom of chromo-
some 1 between markers nga280 and nga111 (Bell and Ecker, 1994).
Additional markers from YACs CIC9H12 and abi14G4 refined the
iar1 interval to between 9H12 and 14G4, which both hybridize to
BAC T7E4. Constructs from a T7E4 library that rescued (filled rectan-
gles) or failed to rescue (open rectangles) fkf1 flowering time are
indicated below a schematic of predicted genes (arrows). At least
65 kb of this DNA is deleted in fkf1.
of kelch proteins (Adams et al., 2000), but a normally
conserved tyrosine is replaced by a leucine (Figure 4B).
Like galactose oxidase (Ito et al., 1991), FKF1 and its
homologs terminate just before the fourth predicted bFigure 2. fkf1 Has a Short Hypocotyl in the Light
sheet of the final kelch repeat (Figure 4B). This b sheet isSeedling hypocotyls of wild-type (Col), fkf1, and fkf1 transformed
probably supplied by a b sheet containing the conservedwith rescuing constructs were measured after growth in the dark
tryptophan residue just before the first kelch motif, pro-or under continuous white, red- or blue-filtered light. Error bars are
standard deviations of means (n $ 31). Asterisks and circles mark viding a mechanism to close the ring (Adams et al.,
measurements significantly different than wild-type or fkf1, respec- 2000).
tively (Students t test; P , 0.0005). In summary, FKF1 and its two Arabidopsis homologs,
ZTL and FKL1, each contain an N-terminal PAS motif
similar to the flavin-binding LOV domains of certain pho-FKF1 Encodes a Putative Flavin-Binding Protein
with an F Box and Kelch Repeats toreceptors, an F box found in proteins involved in tar-
geting ubiquitin-mediated degradation, and six tandemFKF1, ZTL, and FKL1 contain three motifs that suggest
modes of action. A LOV (light, oxygen, voltage) domain, kelch motifs predicted to fold into a b propeller and
mediate protein±protein interactions (Figure 4).a subfamily of the PAS domain superfamily, is located
near the N terminus of each protein. Several eukaryotic
blue light receptors (Briggs and Huala, 1999) have LOV FKF1 Is Expressed in a Variety of Organs
Using RNA gel blot analysis, we detected FKF1 mRNAdomains 21%±31% identical to those of the FKF1 family
(Figure 4). LOV domains in NPH1 and PHY3 stoichiomet- throughout the plant, with highest levels in leaves (Figure
5A). During development, FKF1 expression increasesrically bind the chromophore flavin mononucleotide
when heterologously expressed (Christie et al., 1998, slightly over time, consistent with a role in floral promo-
tion (Figure 5B). Although the FKF1 probe used in these1999).
The FKF1, ZTL, and FKL1 proteins also contain a 40 experiments detects two mRNAs, the fkf1 deletion mu-
tant lacks only the upper band (Figure 5B), indicatingamino acid F box in the central region (Figure 4B). F
box proteins bring specific substrates to core ubiquitin that only this message derives from FKF1. Transcripts
of the FKF1 homolog ZTL are similarly distributed, ex-protein ligase subunits for ubiquitination and subse-
quent degradation (Patton et al., 1998; Deshaies, 1999), cept that ZTL transcripts are more abundant in seeds
(Figure 5A) and apparently do not increase during devel-suggesting that FKF1 and its homologs target proteins
for degradation. opment (Figure 5B).
To examine FKF1 expression more specifically, weMany F box proteins contain repetitive domains that
function in protein±protein interactions (Bai et al., 1996; analyzed wild-type plants transformed with an FKF1
promoter-b-glucuronidase (GUS) fusion. This constructPatton et al., 1998). The C-terminal halves of FKF1, ZTL,
and FKL1 consist of six repeats (Figure 4) originally iden- is expressed in leaves, sepals, root tips, and anther
filaments (Figures 5C±5K). Numerous stomata in leavestified as tandem repeats of z50 amino acids in the Dro-
sophila kelch protein (Xue and Cooley, 1993). The kelch and cotyledons stain clearly (Figures 5E and 5F). Inter-
estingly, FKF1-GUS expression seems to be light regu-motifs of galactose oxidase fold to form a b propeller,
with each repeat forming a blade consisting of a four- lated; dark-grown seedlings had dramatically lower ex-
pression detectable only in root tips (Figure 5N; datastranded b sheet (Ito et al., 1991); other kelch motif
proteins probably form similar structures (Adams et al., not shown), and plants grown in red light (Figure 5M;
data not shown) stained less than those grown in either2000). The FKF1 family kelch repeats contain di-glycine
and tryptophan residues (Figure 4B) conserved in 90% white or blue light (Figures 5K and 5L; data not shown).
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Figure 4. FKF1 Encodes a Putative Flavin-Binding, Kelch Domain, F Box Protein
(A) Schematic representation of PAS (LOV)-domain containing proteins. WC-1 is a blue light receptor with a zinc finger motif (Ballario et al.,
1996), PHY3 is a photoreceptor with features of both red and blue light receptors (Nozue et al., 1998), and NPH1 is a blue-light receptor/
kinase that regulates phototropism (Huala et al., 1997).
(B) Comparison of FKF1, ZTL, and FKL1 sequences with other proteins. Sequences were aligned with the Megalign program (DNAStar).
Identical residues in the PAS/LOV domains are shaded in green, identical residues in the F box are shaded in blue, and residues conserved
in five of six FKF1 family kelch domains are shaded in magenta. Identities and conservation in other regions are shaded in black and gray,
respectively. Residues below the alignment are conserved in .80% of PAS domains (green; Zhulin et al., 1997) or in .90% of kelch repeats
(magenta; Adams et al., 2000); h is hydrophobic (FILMVWY). PAS domains are from Neurospora (Nc) WC-1 (Ballario et al., 1996), Adiantum
(Ac) PHY3 (Nozue et al., 1998), Arabidopsis (At) NPH1 (Huala et al., 1997) and NPH2 (Jarillo et al., 1998), and Oryza (Os) NPH1b (accession
AB018443). F boxes are from Arabidopsis TIR1 (Ruegger et al., 1998), COI1 (Xie et al., 1998), and UFO (Samach et al., 1999); human (Hs) SKP2
(Zhang et al., 1995); Aspergillus (An) SconB (Natorff et al., 1998); and Saccharomyces (Sc) MET30 (Thomas et al., 1995).
Constitutively Expressing the FKF1 Homolog ZTL 6). These results suggest that changes in ZTL transcript
levels disrupt two light-controlled processes, hypocotylLengthens Hypocotyls and Delays Flowering
To explore the role of the FKF1 homolog ZTL in plant elongation and flowering time.
development, we expressed a full-length ZTL cDNA be-
hind the constitutively expressed Cauliflower Mosaic FKF1 Transcripts Oscillate with a Circadian Rhythm
Because fkf1 is defective in light-regulated processes,Virus 35S promoter. Flowering was delayed to varying
degrees in some primary transformants expressing this we examined FKF1 transcript abundance in plants
grown in 12 hr photoperiods. Consistent with reporterconstruct (data not shown). Interestingly, progeny of
two late-flowering 35S-ZTL transformants have longer gene expression, we did not detect FKF1 mRNA in the
dark phase of the cycle. In contrast, FKF1 levels werehypocotyls than wild-type in several light conditions,
and this difference is enhanced in light-dark cycles (Fig- strongly upregulated (z5-fold) 7 to 10 hr after dawn
(data not shown). This regulation suggested that theure 6) versus continuous light (data not shown). In con-
trast, progeny of a normally flowering 35S-ZTL trans- circadian clock might control FKF1 expression. To test
this possibility directly, we prepared RNA from wild-typeformant have nearly normal hypocotyl elongation (Figure
fkf1 Disrupts the Transition to Flowering
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Figure 6. Effects of Constitutive ZTL Expression on Hypocotyl Elon-
gation
Hypocotyls of T2 progeny of wild-type (Col) plants transformed with
35S-ZTL grown in 12 hr photoperiods as described in the legend
to Figure 2 were measured. G and H 35S-ZTL lines were from late-
flowering T1 plants, and the B line was from a T1 plant that flowered
similarly to wild-type. Error bars are standard deviations of means
(n $ 28). Asterisks mark measurements significantly different from
wild-type (Students t test; P , 0.0005).
Deleting FKF1 Alters Circadian Transcript
Oscillation in Continuous Light
Because the circadian clock regulates FKF1 transcript
levels, we compared cycling of other clock-controlled
transcripts in fkf1 and wild-type plants. We analyzed
mRNAs encoding chlorophyll a/b binding protein (CAB),
which is part of the clock output (Millar and Kay, 1991) and
Figure 5. Specificity of FKF1 and ZTL Expression CCA1, which may provide input to or comprise a compo-
(A) RNA from dry seeds; roots and aerial tissues (rosettes) of 14- nent of the central oscillator (Wang and Tobin, 1998).
day-old plants; and leaves, inflorescence stems, and siliques of 29- Both transcripts oscillate with a normal period length in
day-old plants (all grown in continuous white light) was probed
fkf1 transferred to continuous light. However, the wave-with FKF1 or ZTL probes. The FKF1 transcript, which is absent in
form of transcript oscillation was altered, with delayed orthe fkf1 deletion mutant, is indicated. An asterisk marks a cross-
slowed induction of both CAB and CCA1 in fkf1 (Figuresreacting transcript. Bars show FKF1 and ZTL transcript normaliza-
tion to control 28S levels. 7B and 7C). These results suggest that FKF1 is necessary
(B) Levels of FKF1 and ZTL during development were monitored as for some aspects of normal circadian clock function.
described above by analyzing RNA from rosettes of wild-type (Col)
plants grown in continuous white light. Bars show normalization of
Discussionthe FKF1 and ZTL transcripts to control UBQ10 levels.
(C±F) 6-day-old FKF1-GUS T3 seedlings grown under white light
fkf1 Defects in Circadian Clock-Controlledstain in the shoot (C), root/hypocotyl junction (D), and cotyledons
(E), including stomata (F). Processes
(G±J) 8-week-old FKF1-GUS T2 plants grown under continuous white Molecular dissection of various circadian clocks has led
light stain in rosette (G) and cauline (H) leaves, sepals of immature to models of central oscillators consisting of autoregula-
flowers (I), and sepals and anther filaments of mature flowers (J).
tory negative feedback loops (Dunlap, 1999). The oscilla-(K±N) 6-day-old FKF1-GUS T3 seedlings show root tip staining after
tors are entrained to the environment through inputgrowth in continuous white (K), blue (L), or red (M) light, or after
pathways, and some clock-controlled genes act in out-incubation under white light for 1 day and in darkness for 5 days
(N). All panels are after 20 hr incubation in X-Gluc, excluding (D), put pathways that lead to observable overt rhythms.
which was a 6 hr incubation. Bars in (C) and (G±J) represent 1 mm; Hypocotyl elongation (Dowson-Day and Millar, 1999)
all others represent 0.1 mm. and flowering time (Somers, 1999) are circadianly regu-
lated in Arabidopsis, and fkf1 defects in these processes
are consistent with an FKF1 role in clock function. Both
plants transferred to continuous light after entrainment the flowering time and hypocotyl elongation phenotypes
in 12 hr photoperiods. FKF1 transcript cycling continued are at least partially rescued in fkf1 plants transformed
with a period of z24 hr even after transfer to constant with FKF1 genomic constructs (Figures 1A, 1B, and 2),
conditions, indicating that FKF1 expression is circa- suggesting that both result from losing the same gene.
Vernalization rescues fkf1 flowering defects (Figuredianly regulated (Figure 7A).
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leaves (Figures 5C, 5E, 5G, and 5H). Both leaves and
cotyledons express FKF1-GUS in some stomata (Fig-
ures 5E and 5F), which is intriguing because blue light
controls both the clock (Somers, 1999) and stomatal
opening (Briggs and Huala, 1999), but the stomatal pho-
toreceptor has not been identified. However, a zeaxan-
thin cofactor is implicated in this response (Frechilla et
al., 1999), and FKF1 is more likely to bind a flavin.
FKF1-GUS staining was also observed in primary (Fig-
ures 5K±5N) and secondary root tips, anther filaments
(Figure 5J), and sepals (Figures 5I and 5J). Several au-
tonomous pathway genes are also expressed in roots,
including LD (Aukerman et al., 1999), FLC (Michaels and
Amasino, 1999) and FCA (Macknight et al., 1997).
Interestingly, light apparently modulates FKF1-GUS
expression. Whereas seedlings grown in white or blue
light stain strongly, seedlings grown in red light stain
only moderately, and dark-grown seedlings stain weakly
and only in root tips (Figures 5K±5N; data not shown).
FKF1 Transcripts Oscillate with a Circadian Rhythm
FKF1 transcripts are diurnally regulated, and this oscilla-
tion persists when photoperiod-entrained plants are
shifted to constant light (Figure 7A). FKF1 transcripts
peak in the afternoon 7 to 10 hr after subjective dawn.
This circadian expression phase resembles that of Ara-
bidopsis GI (Fowler et al., 1999; Park et al., 1999), anotherFigure 7. FKF1 Transcripts Are Circadianly Regulated, and Loss of
gene that promotes flowering (ReÂ dei, 1962). In contrast,FKF1 Alters Oscillations of Certain Clock-Controlled Transcripts
LHY and CCA1 transcripts peak at dawn and their levels(A) FKF1 transcript oscillation in wild-type (Col) plants shifted to
decline as FKF1 levels peak (Schaffer et al., 1998; Wangconstant light after 10 days in 12 hr photoperiods was monitored
and Tobin, 1998).by RNA gel blot analysis. An asterisk marks an FKF1 cross-reacting
transcript (Figure 5B). CCA1 (B) and CAB (C) transcripts were moni- Precise regulation of FKF1 transcript levels may be
tored in wild-type and fkf1 plants shifted to constant light after 11 necessary for its roles in floral promotion and hypocotyl
days in 12 hr photoperiods. Graphs show normalization of cycling elongation. Some fkf1 lines transformed with rescuing
transcripts to UBQ10 following phosphorimager quantitation. Light
FKF1 genomic constructs flower slightly earlier thanand dark bars represent light and dark photoperiods, and hatched
wild-type in long days (Figure 1A), suggesting that FKF1bars represent subjective dark after transfer to constant light.
function is sensitive to gene dosage and consequent
expression levels. Furthermore, FKF1 genomic con-
1D), suggesting that FKF1 acts in the autonomous floral structs only partially restore fkf1 hypocotyl elongation
promotion pathway (Simpson et al., 1999), whereas the defects in the lines analyzed (Figure 2), perhaps due to
relatively normal fkf1 flowering in short days (Figure 1A) dosage problems. Alternatively, the incomplete hypo-
suggests a photoperiodic pathway defect. Most pre- cotyl rescue could result from other genes deleted in
viously characterized flowering time mutants with circa- fkf1 that normally contribute to elongation. Because
dian defects are implicated in photoperiod responses, overexpressing FKF1 (our unpublished data) or its ho-
reflecting the role of the clock in day length perception. molog ZTL (Figure 6) can lengthen hypocotyls, the short
However, the photoperiod-responsive and autonomous fkf1 hypocotyl may result from loss of a different gene
pathways interact, and autonomous pathway clock in- in the deletion (Figure 3), and slight FKF1 overexpression
fluences have been noted. For example, ELF3, which is may partially restore elongation in the fkf1 (pBIN-FKF1)
involved in light input to the clock (Hicks et al., 1996), lines (Figure 2). Ongoing attempts to isolate fkf1 disrup-
apparently functions upstream of genes in both path- tion alleles will clarify this issue.
ways (Chou and Yang, 1999), and mutations in the auton-
omous pathway repressor FLC shorten circadian peri-
ods (Swarup et al., 1999). Furthermore, cry1 mutants, FKF1 May Function in Light Perception
FKF1, ZTL, and FKL1 share three domains found in pre-which have long periods in blue light (Somers et al.,
1998a), flower late in both short and long days in Col viously characterized proteins (Figure 4). One is a PAS
domain, an z100 amino acid motif originally identified(Bagnall et al., 1996), suggesting autonomous pathway
defects. as two direct repeats in the Drosophila clock protein
PER, the mammalian transcription factor ARNT, and the
Drosophila SIM protein. PAS domains can mediate di-FKF1 Is Expressed in a Variety of Tissues
RNA gel blot analysis reveals FKF1 and ZTL messages merization (Huang et al., 1993) and have been identified
in various sensors (Zhulin et al., 1997). For example,in most plant organs, with high levels in leaves (Figure
5A). Similarly, an FKF1 promoter-GUS reporter is ex- PAS domains, also known as S boxes, mediate oxygen
and redox potential perception in sensor modules ofpressed in cotyledons as well as rosette and cauline
fkf1 Disrupts the Transition to Flowering
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prokaryotic two-component regulators (Zhulin et al., Possible Roles for FKF1 in the Plant
Circadian Clock1997).
Several blue light photoreceptors have degenerate Oscillation of the circadian clock requires protein turn-
over, and in eukaryotes this degradation is probablyPAS domains that are termed LOV domains (Huala et al.,
1997). NPH1 is an Arabidopsis blue light photoreceptor ubiquitin dependent. In Drosophila, circadian rhyth-
micity requires cycling of the period and timeless genenecessary for phototropism (Huala et al., 1997). NPH1
and its homologs share two N-terminal LOV domains products (Dunlap, 1999). Upon exposure to light, the
PER-TIM heterodimer is inactivated through binding ofand a C-terminal kinase (Figure 4A). The fern PHY3 pho-
toreceptor (Nozue et al., 1998) combines an N-terminal the circadian photoreceptor CRY to TIM (Ceriani et al.,
1999), and TIM is rapidly degraded (Hunter-Ensor etphytochrome region with two central LOV domains and
a C-terminal kinase (Figure 4A). Both NPH1 and PHY3 al., 1996; Myers et al., 1996) in an apparently ubiquitin-
dependent process (Naidoo et al., 1999).LOV domains bind the chromophore flavin mononucleo-
tide (Christie et al., 1998, 1999). The similarity to these Light receptors providing clock input can also be short
lived. For example, the Arabidopsis CRY2 blue light re-photoreceptors in their flavin-binding domains (Figure
4) suggests that FKF1 family members also bind flavin ceptor accumulates in dim light but is rapidly degraded
in receptor-activating wavelengths (Lin et al., 1998). Sim-and respond to light. A combination of circadian regula-
tion of FKF1 transcription (Figure 7A) and light regulation ilarly, photointerconversion of Arabidopsis PhyA from
the red light- to the far-red light±absorbing form appar-of FKF1 activity or localization could render FKF1 active
in a narrow window of the circadian day. ently triggers its ubiquitin-dependent degradation (Clough
and Vierstra, 1997). The short hypocotyls of both PhyANeurospora WC-1 is a zinc finger transcription factor
with one LOV motif in addition to a canonical PAS do- overexpressors (Boylan and Quail, 1991) and fkf1 mu-
tants in light suggested that PhyA might be an FKF1main (Ballario et al., 1996). wc-1 is a clock-associated
gene required for light induction of frequency transcrip- target. However, PhyA half-life is unaltered when etio-
lated fkf1 seedlings are transferred to light (D. C. N. andtion and sustained rhythmicity in the dark (Crosthwaite
et al., 1997). Certain WC-1 LOV domains with mutations B. B., unpublished data), indicating that efficient PhyA
turnover does not require FKF1. This result does notthat blind Neurospora to blue light still dimerize nor-
mally, suggesting that the LOV motif has roles other preclude redundant roles for FKF1 family members in
PhyA degradation.than dimerization (Ballario et al., 1998). The homology
of FKF1 to WC-1 is particularly intriguing, as WC-1 may Although the period lengths of CCA1 and CAB circa-
dian expression are unaltered in fkf1 in the tested condi-be a photoreceptor through which light entrains the
clock (Crosthwaite et al., 1997). Interestingly, the WC-1, tions, the waveforms of both oscillations have an appar-
ent induction delay (Figures 7B and 7C). LHY and CCA1FKF1, ZTL, and FKL1 proteins share a conserved 11
amino acid insertion in the domain that other LOV pro- may constitute the central clock oscillator or link it to
light signals. Constitutive LHY or CCA1 expression de-teins lack (Figure 4B).
lays flowering, elongates hypocotyls, and alters clock-
controlled gene expression (Schaffer et al., 1998; WangFKF1 May Function in Ubiquitin-Dependent
and Tobin, 1998). CCA1 disruption shortens but doesDegradation
not abolish circadian periods, so if CCA1 is a centralFKF1 family members share a central F box (Figure 4),
oscillator component, it is partially redundant (Greensuggesting roles in ubiquitinating proteins targeted for
and Tobin, 1999). Because CCA1 protein levels cycledegradation. E3 ubiquitin protein ligases act with E2
(Wang and Tobin, 1998), CCA1 must be short lived.enzymes to ubiquitinate short-lived cytoplasmic and nu-
CCA1 overexpression suppresses endogenous CCA1clear targets, which are then degraded by the 26S pro-
transcription (Wang and Tobin, 1998), so increasedteasome (Hochstrasser, 1995). One class of E3 enzymes
CCA1 stability should delay CCA1 message accumula-is the SCF ubiquitin protein ligase, a complex of Skp1p,
tion, as seen in the fkf1 mutant (Figure 7B). CCA1 wasCdc53p, and an F box protein (Patton et al., 1998; De-
originally isolated as a factor binding to a phytochrome-shaies, 1999). Cdc53p docks Skp1p with an E2 enzyme
responsive region of the CAB1 promoter (Wang et al.,and Skp1p binds the F box of an F box protein, which
1997), and the fkf1 lag in CAB induction (Figure 7C) maybinds the substrate. F box proteins are thus adapters
reflect the lag in CCA1 induction. It will be interestingthat bring specific substrates to E2 enzymes for ubiquiti-
to determine whether FKF1 targets phosphorylatednation and subsequent degradation. Substrate phos-
CCA1 for degradation. If CCA1 and LHY are central oscil-phorylation often precedes ubiquitin-dependent degra-
lators, or if oscillator expression is similarly phased, thendation and is required for F box protein binding
the timing of FKF1 expression and the late flowering of(Deshaies, 1999).
the fkf1 mutant are consistent with a role in negativeF box proteins typically have C-terminal repetitive mo-
feedback of the clock.tifs that function in substrate recognition (Bai et al., 1996;
Patton et al., 1998). FKF1, ZTL, and FKL1 each contain
six C-terminal kelch repeats (Figure 4), which are pre- Alterations in an FKF1 Homolog, ZTL, Disrupt
Clock Functiondicted to fold into a b propeller and can mediate protein±
protein interactions (Adams et al., 2000). Although other An accompanying article describes ZTL kelch domain
mutations that cause late flowering and a fluence-characterized F box proteins lack kelch repeats, numer-
ous F box proteins contain WD40 repeats (Bai et al., dependent circadian period lengthening, consistent with
a ZTL role in light perception (Somers et al., 2000). The1996; Patton et al., 1998), which also fold into a b propel-
ler (Wall et al., 1995). fkf1 (Figure 2) and ztl (Somers et al., 2000) mutants have
Cell
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cDNA Isolationshort hypocotyls in certain light conditions, whereas
An FKF1 cDNA was isolated by hybridizing a cDNA library (Minetconstitutive expression of a ZTL cDNA from the 35S
et al., 1992) with a 2.6 kb T7E4 HindIII fragment. The NotI insert waspromoter lengthens seedling hypocotyls (Figure 6), con-
subcloned into pBluescript KS(1) (Stratagene) and sequenced. A
sistent with overexpression of the ZTL mRNA in the 35S- ZTL cDNA was isolated by hybridizing a pSPORT-based (Gibco
ZTL seedlings. These plants are all late flowering, which BRL) cDNA library (S. LeClere and B. B., unpublished data) with a
probe made by PCR amplifying genomic DNA with primers GGCATsuggests that 35S-ZTL plants are cosuppressing the
CCAATGGTAGATTCTAC and CAATCCTGTTCCCAACTGCAC.endogenous ZTL message in mature plants. Arabidopsis
35S-ZTL was made by ligating the SalI/NotI insert of the ZTLplants with 35S-driven seedling overexpression and
cDNA into XhoI/NotI-cut 35SpBARN (S. LeClere and B. B., unpub-adult cosuppression have been described (Dehio and
lished data), a vector modified from p19Barbi (Mengiste et al., 1997)
Schell, 1994). to contain the CaMV 35S promoter and the nos terminator. T1 seed-
Because both fkf1 and ztl mutants are late flowering lings were selected by spraying 0.26 mg/ml glufosinate-ammonium.
and display clock defects, the two genes are not fully
RNA Gel Blot Analysisredundant but have at least some specific roles. It will
Total RNA was isolated as described (Davies et al., 1999) or withbe interesting to examine additional clock-controlled
Trizol (Gibco BRL). Plants for circadian experiments were grown intranscripts and processes in fkf1 under a variety of light-
white light (120 mE m22 sec21) atop filter paper on PNS to facilitate
ing regimens. The generation and analysis of double harvest. Total RNA (5 mg) was electrophoresed on 1% agarose gels
and triple mutants among the members will reveal the containing 0.37 M formaldehyde (Ausubel et al., 1995), transferred
level of redundancy present in this gene family. Further- to nylon membranes, hybridized at 658C in NorthernMax buffer (Am-
bion) to 32P-labeled antisense RNA probes (Riboprobe in vitro tran-more, isolation of FKF1- and ZTL-interacting proteins
scription system, Promega), and washed at high stringency.may reveal the role of these novel proteins in plant
To eliminate a cross-reacting message hybridizing to the 39 endgrowth and development.
of the FKF1 cDNA, we subcloned the 59 1.3 kb of the cDNA into
pBluescript KS (1). A ZTL RNA probe was made by ligating the
SmaI/XbaI insert of the ZTL cDNA into pBluescript KS (1). FKF1Experimental Procedures
and ZTL probes were synthesized with T7 RNA polymerase following
EcoRV digestion. CCA1 (EST 109K9T7), CAB2 (EST 20C6T7), andPlant Growth
UBQ10 (EST 193N23T7) probes were synthesized with Sp6 RNASurface-sterilized seeds were grown on PNS (plant nutrient media
polymerase following EcoRI (CCA1 and UBQ10) or SmaI (CAB2)with 0.5% sucrose; Haughn and Somerville, 1986) in plates sealed
digestion. A 28S rDNA probe labeled using random oligonucleotideswith gas-permeable surgical tape. For hypocotyl measurements,
(Ausubel et al., 1995) was used to normalize loading in Figure 5A.plates were incubated at 48C for 18 hr, under white light at 228C for
24 hr, and then at 228C in the dark, under white fluorescent light
FKF1 Promoter-Reporter Gene Fusion(120 mE m22 sec21) or under red (plexiglass # 2423; z4 mE m22 sec21)
A BamHI site was introduced after the FKF1 initiation codon usingor blue (plexiglass # 2424; z12 mE m22 sec21) filters for 5 days.
oligo-directed mutagenesis (Ausubel et al., 1995). A 1.7 kb promoterPlants in soil were grown at 228C±258C under cool white fluorescent
fragment was excised with SmaI (from the polylinker) and BamHIbulbs (z200 mE m22 sec21 for 16:8 photoperiods; z90 mE m22 sec21
and ligated into pBI101.1 (Jefferson et al., 1987). This constructfor 8:16 photoperiods). Rosette leaves were counted when a plant
encodes the initiator methionine from FKF1 fused to GUS and washad a visible shoot apex bud. Phenotypic characterization was per-
transformed into Col. b-glucuronidase activity was histochemicallyformed on fkf1 plants from the third backcross to Col.
localized with 0.17 mg/mL 5-bromo-4-chloro-3-indolyl-b-D-glucuro-
nide (X-Gluc) as described (Bartel and Fink, 1994). Each of six inde-
Mutant Isolation pendent lines examined showed a similar staining pattern with vari-
fkf1 was isolated in a screen for IAA-Ala response mutants (Davies able intensity.
et al., 1999) from M2 progeny of fast neutron-mutagenized Col gl1-1
seeds (Lehle Seeds). An IAA-Ala resistant plant was late flowering, Acknowledgments
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